We demonstrate a composite nanomaterial, termed an aptamer nano-flare, that can directly quantify an intracellular analyte in a living cell. Aptamer nano-flares consist of a gold nanoparticle core functionalized with a dense monolayer of nucleic acid aptamers with a high affinity for adenosine triphosphate (ATP). The probes bind selectively to target molecules and release fluorescent reporters which indicate the presence of the analyte. Additionally, these nanoconjugates are readily taken up by cells where their signal intensity can be used to quantify intracellular analyte concentration. These nanoconjugates are a promising approach for the intracellular quantification of other small molecules or proteins, or as agents that use aptamer binding to elicit a biological response in living systems. Nanomaterials hold great promise for biology and medicine due to their unique size, properties, and ability to be functionalized with biological recognition elements. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Our group has developed a class of nanomaterials termed polyvalent DNA functionalized gold nanoparticles 17, 18 (DNA-Au NPs) that consist of a gold nanoparticle core (2-250 nm in size) and a dense shell of synthetic oligonucleotides. 19, 20 Fundamental investigations have identified several unexpected properties of these materials such as enhanced binding constants for complementary targets, 21 sharp and elevated melting transitions, 22 the ability to form stable complexes at room temperature with as few as two base-pairings, 23 enhanced enzymatic stability, 24 and the ability to readily enter living cells, 25 all of which clearly distinguish DNA-Au NPs from their molecular counterparts. These properties also render DNA-Au NPs useful for a variety challenging investigations such as programmed materials assembly, 26, 27 the detection and quantification of trace analytes, 28-32 and intracellular genetic regulation and detection. [33] [34] [35] [36] [37] Aptamers are nucleic acids or peptides that exhibit affinity and selectivity for a target molecule and are thus considered attractive detection and diagnostic tools. [38] [39] [40] [41] [42] [43] For example, Li et al. developed an important aptamer-based probe consisting of a fluorophorelabeled DNA competitor and a quencher-labeled aptamer, which can be used for small molecule detection. 44 Due to their high selectivity, [45] [46] [47] aptamers are also well-suited for cellular applications, including diagnostics and therapeutics. Indeed, Chang et al. have developed an aptamer-gold nanoparticle based system for sensitive and selective detection of cellular growth and proliferation using a marker for Platelet-Derived Growth Factor in homogenous solution. 48 However, an aptamer-based system capable of entering a cell and remaining active in the intracellular environment has proved challenging to achieve. Indeed, it is difficult to effect the cellular uptake of nucleic acid-based agents without additional agents for improving cellular internalization. Moreover, oligonucleotides can become unstable and degraded in cellular environments, and thus their application in vivo has been challenging. 49 Herein, we describe the development of novel aptamer-nanoparticle probes, termed aptamer nano-flares, that are designed to detect and quantify intracellular molecular analytes. These nanostructures consist of a gold nanoparticle that is functionalized with a dense monolayer (~8.4 pmol/cm 2 ) of chemisorbed aptamer oligonucleotides hybridized to fluorophore labeled flares. Based on previous work, the dense shell of oligonucleotides is expected to provide enhanced stability 24 and a mechanism for cellular entry, 25 and the flare is expected to be capable of transducing a binding event into a fluorescence signal. 37 In addition to synthesis and characterization, we determine the sensitivity and selectivity of the approach in the detection of adenosine triphosphate (ATP) and evaluate the ability to quantify the intracellular concentration of this target molecule.
Nanomaterials hold great promise for biology and medicine due to their unique size, properties, and ability to be functionalized with biological recognition elements. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Our group has developed a class of nanomaterials termed polyvalent DNA functionalized gold nanoparticles 17, 18 (DNA-Au NPs) that consist of a gold nanoparticle core (2-250 nm in size) and a dense shell of synthetic oligonucleotides. 19, 20 Fundamental investigations have identified several unexpected properties of these materials such as enhanced binding constants for complementary targets, 21 sharp and elevated melting transitions, 22 the ability to form stable complexes at room temperature with as few as two base-pairings, 23 enhanced enzymatic stability, 24 and the ability to readily enter living cells, 25 all of which clearly distinguish DNA-Au NPs from their molecular counterparts. These properties also render DNA-Au NPs useful for a variety challenging investigations such as programmed materials assembly, 26, 27 the detection and quantification of trace analytes, [28] [29] [30] [31] [32] and intracellular genetic regulation and detection. [33] [34] [35] [36] [37] Aptamers are nucleic acids or peptides that exhibit affinity and selectivity for a target molecule and are thus considered attractive detection and diagnostic tools. [38] [39] [40] [41] [42] [43] For example, Li et al. developed an important aptamer-based probe consisting of a fluorophorelabeled DNA competitor and a quencher-labeled aptamer, which can be used for small molecule detection. 44 Due to their high selectivity, [45] [46] [47] aptamers are also well-suited for cellular applications, including diagnostics and therapeutics. Indeed, Chang et al. have developed an aptamer-gold nanoparticle based system for sensitive and selective detection of cellular growth and proliferation using a marker for Platelet-Derived Growth Factor in homogenous solution. 48 However, an aptamer-based system capable of entering a cell and remaining active in the intracellular environment has proved challenging to achieve. Indeed, it is difficult to effect the cellular uptake of nucleic acid-based agents without additional agents for improving cellular internalization. Moreover, oligonucleotides can become unstable and degraded in cellular environments, and thus their application in vivo has been challenging. [49] [50] [51] Herein, we describe the development of novel aptamer-nanoparticle probes, termed aptamer nano-flares, that are designed to detect and quantify intracellular molecular analytes. These nanostructures consist of a gold nanoparticle that is functionalized with a dense monolayer (~8.4 pmol/cm 2 ) of chemisorbed aptamer oligonucleotides hybridized to fluorophore labeled flares. Based on previous work, the dense shell of oligonucleotides is expected to provide enhanced stability 24 and a mechanism for cellular entry, 25 and the flare is expected to be capable of transducing a binding event into a fluorescence signal. 37 In addition to synthesis and characterization, we determine the sensitivity and selectivity of the approach in the detection of adenosine triphosphate (ATP) and evaluate the ability to quantify the intracellular concentration of this target molecule.
We chose ATP as a target molecule for proof-of-concept experiments aimed at developing nanomaterials that quantify concentrations of small molecule analytes inside living cells. ATP is important for regulating cellular metabolism and biochemical pathways, and as such, the intracellular ATP level is used as an indicator of living organisms and their biological activity. Current methods of ATP detection require the lysis of cells and only measure the ATP concentration of a bulk sample. Aptamer nano-flares are designed so that the flare oligonucleotide binds to the aptamer that is attached to the surface of the Au NP ( Figure 1 ). In this bound state, the fluorescence of the flare strand is quenched by the gold nanoparticle. In the presence of the ATP target molecules, ATP binds to the aptamer causing a conformational change and resulting in a new folded secondary structure. This folded structure disrupts the Watson-Crick base-pairing between the aptamer and the flare, which causes flares to be liberated with an increase in fluorescence due to the greater distance of the flare from the gold surface.
Aptamer nano-flares were synthesized from citrate-capped 13-nm Au NP precursors. Thiolterminated ATP binding aptamers (5' ACC TGG GGG AGT ATT GCG GAG GAA GGT GTC ACA (A) 10 propyl thiol -3') designed from the literature 52 were allowed to hybridize with fluorophore-labeled (Cy5) reporter sequences (5'-Cy5 TGT GAC ACC TTC CT -3') in a phosphate buffered saline solution (PBS). Following literature procedures, the duplexes were added to the Au NPs and a dense monolayer was allowed to coat the nanoparticles, exchanging the citrate-capping layer. 17 Quantification of DNA surface loading by fluorescence 53 Aptamer nano-flares show a significant fluorescence increase upon target addition. For example, when 2 mM ATP is added, an immediate 3.8-fold increase in fluorescent signal is observed, which is consistent with target binding and flare release (Figure 2) . Conversely, addition of the ATP analogues guanidine triphosphate, cytosine triphosphate or uridine triphosphate did not result in a significant increase in fluorescent signal. These results are consistent with a selective target binding ability. The affect of target concentration was also investigated. Aptamer nano-flares respond to the presence of ATP in a dose-dependent manner, demonstrating that the fluorescence can be used to quantify ATP concentration. The apparent K d (~ 594 μM, defined as ATP concentration that resulted in half maximal fluorescent change) of aptamer nano-flares was found to be similar to analogous quencherfluorophore system (~600 μM) 44 but lower than the original aptamer (~6 μM) 52 presumably due to partial blockage of ATP binding site by the flare strand. Importantly, aptamer nanoflares are sensitive to ATP concentrations that are typically found in cells (0.1 -3.0 mM). 54 Having demonstrated the signaling ability of the aptamer nano-flares, we next tested their ability to enter cells and detect intracellular ATP using a HeLa cell (human cervical cancer) model. For control experiments, a second probe containing a mismatched aptamer sequence (two base substitutions) was prepared. The mismatch probe was designed and determined to have similar background fluorescence, melting properties, and total number of duplex ligands as the aptamer nano-flare (see Supporting Information). Cells were cultured on slide chambers, incubated with aptamer nano-flares and imaged using scanning confocal microscopy. HeLa cells treated with aptamer nano-flares were highly fluorescent as compared to those treated with the mismatch controls, with fluorescence seen primarily in the cytoplasm, consistent with the localization of the DNA-Au NPs (Figure 3) .
In order to quantify the intracellular signaling of the aptamer nano-flares, we examined cells treated with probes using analytical flow cytometry. Flow cytometry reveals that the HeLa cell population treated with aptamer nano-flares is highly fluorescent and 2.6-times more fluorescent than the population treated with mismatch control particles (Figure 3) . These flow cytometry experiments are in excellent agreement with confocal imaging and demonstrate the uniform cellular internalization and intracellular signaling of the aptamer nano-flares.
To demonstrate that aptamer nano-flares can be used to quantify intracellular amounts of ATP, we conducted ATP depletion experiments to reduce the levels of intracellular ATP in the HeLa cell models. Cells were treated with doses of oligomycin and 2-deoxy-D-glucose (a drug combination that is known to reduce ATP) 55 and aptamer nano-flares (see Supporting Information for experimental details). Analytical flow cytometry was used to quantify cell-associated fluorescence. In these experiments we observe an oligomycin concentration-dependent decrease in the cell-associated fluorescence, which is consistent with drug induced ATP depletion (Figure 4a) . The decrease in cell-associated fluorescence is not observed in the control population nor is it a result of fewer particles entering the treated cells (Mass spectrometry measurements confirm similar levels of Au NP internalization for all samples; see Supporting Information). To quantify intracellular ATP concentration we compared cell-associated fluorescence to ATP levels (determined for the bulk sample using a commercial ATP measuring kit normalized for the total number of cells). Accordingly, we found that cell-associated fluorescence corresponds to cellular ATP concentration in a nearly linear manner (Figure 4b ). Deviations from linearity at high ATP concentrations are likely due to probe saturation at the highest intracellular ATP concentrations. The overall set of observations shows that aptamer nano-flares can be used to directly quantify intracellular ATP levels in live samples.
In summary, we present a new nanoparticle composite probe, termed an aptamer nanoflare, that can be used to detect and quantify a small molecule analyte in a live cell. Aptamer nano-flares are sensitive to physiologically relevant changes in ATP concentrations (0.1 -3 mM) and show a high selectivity for ATP when compared to other nucleoside-triphosphate analogs. Aptamer nano-flares readily enter cells where they can be used to directly quantify intracellular ATP levels, which makes them well-suited for cell imaging and sorting studies. Our results show that aptamer ligands remain functional through cellular internalization and acts as a nanoparticle-based intracellular small-molecule detector. In contrast to molecular beacon based systems, the particles are naturally taken up by the cells, and resist nuclease degradation, 24 which in the case of molecular beacons leads to high background fluorescence. 37 Given that similar nanoconjugates can be prepared with a variety of nucleic acid aptamers, the concept of the aptamer nano-flare can be extended for detecting a range of other analytes based on aptamer binding in a living sample.
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